The toxin fraction (FIX) and peptide to-Aga-WA from the venom of the funnel-web spider Agelenopsis aperta, as well as a synthetic analogue ofFX, speciically block the P-type voltage-dependent Cam channel (VDCC). The effects of these toxins on synaptic transmission were studied in the neuromuscular synapses of the crayfish opener muscle, which has a single excitatory and a single inhibitory motoneuron. FIX selectively and reversibly blocked excitatory and inhibitory stsynaptic currents and potentials in a dosedependent manner. FIX had no effect on ( The crayfish opener neuromuscular system is a particularly well-suited preparation to define the type of VDCC involved in excitatory and inhibitory transmitter release in invertebrate neuromuscular synapses. Its distinguishing features are that opener muscle fibers are innervated by single excitatory and inhibitory axons that can be experimentally studied separately, and which release L-glutamate (Glu) and 't-aminobutyric acid (GABA) as transmitter, respectively (27, 28 
postaynaptic membrane conductance, (it) postsynaptic L-type VDCC, and (ii) both glutamate-and -aminobutyric acidinduced postsynaptic responses. Mean amplitude and frequency ofminiatre postsynaptic potentials were unchanged by FIX. The postsynaptic VDCC was inhibited by nifedipine, a selective dihydropyridine antagonist of L-type VDCC, whereas synapti transmission was unaffected. Transmision was also undisturbed by o,-conotoxin, suggesting that N-type VDCCs are not involved. The peptide w-Aga-IVA blocked excitatory and inhibitory tsmission without affecting postsynaptic VDCC. Synaptic transmission was also blocked by synthetic FTX. We conclude that presynaptic P-type VDCCs are involved in both evoked excitatory and inhibitory transmitter release in crayfish neuromuscular synapses.
Ca2+ influx from voltage-dependent Ca2+ channels (VDCCs) plays a key role in cellular physiology. Besides the electrical activity generated by Ca2+ influx, numerous cellular functions are triggered by the subsequent transient rise in intracellular Ca2+ concentration, which acts as an intracellular chemical messenger for Ca2+-sensitive mechanisms that control ion channel gating, enzyme activation, metabolism, gene expression, evoked transmitter release, etc. (1, 2) . Four major types of VDCCs, named L, N, T, and P have been described (2, 3) . While the L-type is selectively sensitive to 1,4-dihydropyridines (DHPs) (which act as agonists or antagonists), the high-threshold L and N types are blocked by w-conotoxin (w-CgTX) (4) , although recent experiments suggest that this toxin blocks N-type but not L-type VDCCs (5-7). The intermediate-threshold P type is insensitive to both w.CgTX and DHPs but is selectively blocked by the low molecular weight polyamine funnel-web spider toxin (FTX) (3) and by the peptide w-agatoxin, fraction IVA (w.Aga-IVA) (8) , included in the venom of the funnel-web spider Agelenopsis aperta. The low-threshold T type was found to be generally insensitive to these organic compounds (2, 4) .
Distinguishing between different types of VDCCs and their functional roles is critical to the understanding of the participation of Ca2+ in neuronal physiology. Therefore, the identification ofthe type ofVDCC involved in evoked transmitter release from nerve terminals, which is a Ca2+-mediated event, is essential. It has been recently shown that Ca2+ influx through the N-type VDCC mediates transmitter release in amphibian (9), reptilian (10) , and avian synapses (11) (12) (13) (14) , since it is antagonized by .-CgTX and is insensitive to DHPs. It has also been proposed that norepinephrine release from rat sympathetic neurons is mediated by the N-type VDCC (15) . In contrast, both catecholamine and substance P released from bovine chromaffm cells and rat dorsal root ganglia neurons, respectively, are strongly inhibited by DHPs (16) (17) (18) , suggesting a major participation of the L-type VDCC. However, while mammalian neuromuscular transmission is insensitive to either w-CgTX or DHPs (19) (20) (21) , evoked synaptic transmission in squid giant synapse (3) and mammalian neuromuscular system (22) has been found to be inhibited by FTX and by its synthetic arginine-polyamine (spermidine) analogue (sFTX) (22, 23) , consistent with a key involvement of the P-type VDCC. Moreover, K+-evoked Ca2+ uptake and transmitter release in mammalian brain synaptosomes were only partially sensitive to w-CgTX and DHPs (24, 25) but were inhibited by FTX (22) and w-Aga-IVA (26) , indicating that the P-type VDCC mediates evoked transmitter release from many mammalian central synapses.
The crayfish opener neuromuscular system is a particularly well-suited preparation to define the type of VDCC involved in excitatory and inhibitory transmitter release in invertebrate neuromuscular synapses. Its distinguishing features are that opener muscle fibers are innervated by single excitatory and inhibitory axons that can be experimentally studied separately, and which release L-glutamate (Glu) and 't-aminobutyric acid (GABA) as transmitter, respectively (27, 28 (29) .
MATERIALS AND METHODS
The neuromuscular preparation of the opener muscle of the first walking leg of crayfish (Procambarus clarkii) was used (Fig. 1A) . The muscle, which was separated at the propodite, and the nerve bundles, which include separate excitatory and inhibitory axons, were identified and isolated at the meropodite and transferred to a perfusion chamber (2 ml). The standard Van Harreveld solution (30) *To whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. currents-i.e., an early inward Ca2+ current (Ica), an early outward Ca2+-dependent K+ current, and a late outward K+ current (31) . To (Fig.  1B) in a dose-dependent manner. This effect was totally reversed within 90 min after washout of the toxin (see Fig.  3A ). The deflection occurring some microseconds before postsynaptic responses (downward and upward, in currentand voltage-clamped conditions, respectively) were most probably due to action potentials and the corresponding unclamped currents, respectively, generated in the nerve branches that run over the muscle fiber surface (29) . Interestingly, these deflections, which were abolished by tetrodotoxin (data not shown), were not modified by FTX, indicating that this toxin did not prevent spike generation or conduction along the presynaptic axons. On the other hand, the similar reduction of both EPSP and EPSC amplitudes suggests that the muscle membrane properties were not affected by FIX. Moreover, FTX alone did not evoke variations in the membrane potential or in the holding current, in current-and voltage-clamped conditions, respectively, and did not change the instantaneous linear current evoked by voltage pulses. These results also indicate that the muscle membrane was not affected by FTX.
Both IPSP and IPSC amplitudes were blocked by FTX (Fig. 1D) , suggesting that the toxin did not act on specific postsynaptic receptors but more probably upon a common presynaptic mechanism. To test this suggestion, the effects of FTX on the ligand-dependent postsynaptic responses to Glu and GABA were examined. Fig. 2 A andB shows that neither Glu-hinduced ponstsynaptic depolarization nor GABA-induced postsynaptic current were modified by FIX applied at concentrations (0.1 jl/ml) that strongly reduced both excitatory and inhibitory synaptic responses. Thus, the toxin did not exert its blocking effect at the postsynaptic level, since it did not modify postsynaptic membrane properties or block ligand-dependent postsynaptic receptor-channel complexes.
The effect of FTX on MPPs was analyzed (Fig. 2C) . No significant differences (the Student t test; P > 0.1) were found between the mean MPP amplitude in control preparations and in those with FTX, and the respective coefficients of variation of amplitudes were similar. Identically, the mean MPP frequency was not substantially different in control solution and solution with FTX. Indeed, from a single muscle fiber, the mean MPP amplitude was 0.48 + 0.14 (n = 54) and 0.50 ± 0.18 mV (n = 79) (coefficients of variation were 0.29 and 0.36, respectively), and the mean frequency was 1.9 and 2.3 MPP per s, in control (measured during 28.8 s) and with FTX at 0.025 Al/ml (during 34.2 s), respectively.
The effects of nifedipine (an antagonist DHP), w-CgTX, FTX, and sFTX on EPSCs were compared (Fig. 3 A and B) . Whereas 8 A&M nifedipine and 2 ,uM w-CgTX did not modify mean EPSC amplitude, FTX at 0.01 pl/ml and 1 mM sFTX decreased the mean EPSC amplitudes about 35% and 85%, respectively, indicating that neither N-nor L-type VDCCs were involved in crayfish neuromuscular transmission. The deflection preceding EPSC was unaffected by FTX and sFTX (arrows). Although a single sFTX concentration was usedi.e., one that reduced the response in mammalian neuromuscular synapses by =50o (22) -the results also indicate that sFTX and FTX had very similar blocking actions on P-type VDCCs. On the other hand, 30 and 300 nM w.Aga-IVA reduced mean EPSC amplitude about 35% and 80%6, respectively (Fig.  3C) . Similar reduction of mean IPSC amplitude was observed in a different preparation. Note that deflections preceding EPSC and IPSC (arrows) were unchanged by the toxin. These results strongly indicate that P-type VDCCs mediate both excitatory and inhibitory synaptic transmission in crayfish muscle. In opener crayfish muscle, ICa is mediated by L-type VDCCs, which show sensitivity to DHPs (31, 32) . The effects of FTX, nifedipine, and co-Aga-IVA on ICa are shown in Fig.  4 . While ICa was not modified by FTX (Fig. 4A) or by w-Aga-IVA (Fig. 4B) at concentrations that strongly reduced synaptic transmission (see Fig. 3 ), the maximum Ica value of the current-voltage relationship was reduced -70% by 1 ,uM nifedipine. These results argue in favor of the specificity of FTX and w.Aga-IVA on P-type VDCCs, again indicating that these channels mediate excitatory and inhibitory synaptic transmission in crayfish muscle.
DISCUSSION
With the exception of the low-threshold T-type, all other three (i.e., the N, L, and P types) of the four major types of VDCCs have been implicated in presynaptic transmitter release in different systems. While at reptilian, amphibian, and avian synapses the sensitivity of transmitter release to w-CgTX suggests the involvement of the N-type VDCC (9) (10) (11) (12) (13) (14) , hormone release from rat neurohypophysis (18) and bovine chromaffm cells (16) and substance P release from rat dorsal root ganglia neurons (15) involved in transmitter release at both invertebrate (3) and mammalian neuromuscular synapses (22) and at mammalian central synapses (22, 26) , since they are insensitive to co-CgTX or DHP (19-21, 24, 25) and are inhibited by FTX or co-Aga-IVA. Our results indicate that invertebrate excitatory neuromuscular transmission is mediated by P-type VDCCs and provide original evidence indicating that these channels are also involved in invertebrate inhibitory neuromuscular transmission.
Present results show a reversible and strong dosedependent reduction of both excitatory and inhibitory neuromuscular transmission by FTX and suggest that one FTX molecule binds reversibly to one receptor site (since the Hill coefficient is close to one) with an apparent dissociation constant in the nanoliter per milliliter range. On the other hand, the resting conductance, the voltage-dependent currents, and the ligand-dependent Glu-and GABA-evoked responses of the postsynaptic membrane were unaffected by FTX, indicating that the toxin did not act postsynaptically. Furthermore, the FTX-induced neuromuscular block occurred without presynaptic fiber spike generation or conduction impairments, which signifies that FTX acts specifically at the nerve terminal.
It is well known that agents that interfere with the transmitter-receptor interaction modify mean MPP amplitude but not mean MPP frequency (33) . Recently, Araque et al. (34) have shown that PPTX, a spider toxin that specifically blocks the postsynaptic Glu receptor-channel complex, reduced mean MPP amplitude without affecting mean MPP frequency in the crayfish opener neuromuscular synapse. In contrast, it is accepted that mean MPP frequency is exclusively controlled by the presynaptic terminal (33) , and it has been suggested that evoked and spontaneous transmitter release involve different mechanisms (33, 35 (3, 8, 26) and indicating that both excitatory and inhibitory neuromuscular transmission in crayfish are mediated by the P-type VDCC.
We conclude that FTX, sFTX, and w-Aga-IVA specifically block presynaptic P-type VDCCs, which are responsible for evoked transmitter release at the crayfish inhibitory and excitatory motoneuron terminals.
